Biodegradable composites were prepared by melt-blending technique using 30 wt% kenaf bast fiber (KBF) to reinforce 70 wt% plasticized poly(lactic acid) (PLA). The KBF was treated with various percentages of sodium hydroxide (NaOH), whereas 5% triacetin was used as plasticizer. The effects of the KBF surface treatments on the tensile, flexural, impact strength, and DMA of the biocomposites were investigated. Tensile, flexural, and impact testing results reveal that 4% of NaOH-treated KBF produced composites with optimum tensile strength (62 MPa), flexural strength (67 MPa), and the impact strength (42 kJ/m 2 ). The removal of the lignin from the fiber during the surface treatment caused the increment in the modulus result. This finding is also supported by the dynamic mechanical analysis. The storage modulus of plasticized PLA/treated KBF is higher than the storage modulus of plasticized PLA/untreated KBF which is attributed to the enhancement of the fiber-matrix adhesion. The loss modulus results showed that the T g of the plasticized composites was shifting to higher temperature, from 55 C for plasticized PLA/untreated KBF to 65 C for plasticized PLA/treated KBF. The increase in T g shows that the plasticized PLA has low chain mobility when reinforced with treated KBF, indicating better interaction.
to as bast fibers in stem and stalks of kenaf, flax, ramie, and jute. For species of leaf fibers, sisal and banana are good examples. Besides their renewability, these lignocellulosic fibers are available worldwide.
However, the drawbacks of these fibers have prevented extended utilization in the composites industries, especially in higher load-bearing applications. The lack of good adhesion to the most polymeric matrices is one of the obstacles for the lignocellosic fibers. The hydrophilic nature of the natural fibers adversely affects the adhesion to the hydrophobic matrix, resulting in poor strength properties. To improve this condition, the fiber surfaces need to be treated in order to promote good adhesion between the fibers and the matrix. For plasticized polymer, the surface modification of fibers has attracted great attention in biomaterial research because it can improve the biocompatibility of a polymer and the fibers without compromising the mechanical properties. This technique has also been employed to reduce or prevent leaching and migration of plasticizers from the polymer. 2 Several researchers have reported studies concerning the surface modifications of natural fibers and improvement in mechanical properties of cellulose fibers when alkalized with sodium hydroxide. Treated hemp, jute, sisal, and kapok fibers with various concentrations of NaOH were studied and they found that 6% of NaOH concentration to be the optimized concentration level in terms of cleaning the fiber bundle surfaces, yet retaining high index of crystallinity. 3 There were researchers studying the surface modification treatment on long, random hemp and kenaf fibers with 0.06 M of NaOH solution. 4 They observed that the treated fiber gives higher flexural modulus and flexural strength compared to the untreated fibers. Other researchers 5 also found that 6% of NaOH concentration had improved the tensile strength and tensile modulus of the long kenaf fibers. Several researchers had agreed that 5% NaOH concentration was suitable for use on sisal fibers, [6] [7] [8] in order to remove the surface impurities of oil palm fibers and short coil fibers, respectively.
The use of NaOH-treated fibers as the reinforcement in thermoplastic has been studied by many researchers 3,4,6-8 but the composites produced are partially biodegradable. In order to develop fully green composites, the use of these lignocellusic fibers with biodegradable polymers such as soy-oil based epoxy, starch, polycaprolactone (PCL), polyhydroxybutyrate (PHB), modified cellulose, acetic acid, poly(lactic acid) (PLA), and polyester amide was strongly recommended. 9 PLA has become popular since it can be processed similar to polyolefins and other thermoplastics and can be used in food packaging. Additionally, polylactide bottles, film, and thermoform containers are becoming increasingly popular in food packaging because of their resistance to fats and oils as well as their ability to prevent the loss of flavor and aromas from the food container. 10 One drawback of PLA is the brittleness and stiffness of the homopolymer when it is processed using standard processing conditions; 11 thus, a plasticizer is needed in order to improve the elongation and the impact properties. According to previous research, 12 the addition of triacetin with PLA matrix reinforced with the flax fibers had improved the impact strength of the composites. They found that the composites strength is 50% better compared to similar polypropylene (PP)/flax fiber composites.
This study focused on the improvement on interaction and mechanical properties of kenaf bast fiber (KBF)/PLA biocomposites. KBF will be treated with various concentrations of NaOH and PLA will be plasticized with 5% amount of triacetin. The effect of KBF treatment and the addition of plasticizer on the mechanical and water resistance properties of the biocomposites will be discussed. The KBF/PLA composites will be characterized by the infrared spectroscopy and scanning electron microscope.
Experimental Materials
Kenaf bast (V36) was supplied by Lembaga Tembakau Malaysia (LTN) Kelantan. The kenaf was harvested and it underwent decorticator process in order to remove the bast from the stem. Then, the bast fiber was dried and crushed using fiber cutter and crusher to reduce the size to 75-150 mm. The fibers were kept in an oven at 60 C for 24 h to minimize the moisture content. Sodium hydroxide (NaOH) pellets were used in chemical modification of the KBF. 
Preparation of composites
Prior to blending, PLA and KBF were kept in an oven at 60 C for 24 h. The PLA was premixed with the 5% triacetine and added with 30 wt.% of KBF content. For treated fibers, the KBFs were soaked in several percentages of NaOH concentration such as 2%, 4%, 6%, and 8% at 25 C for 3 h. After removal, the KBFs were washed seven times with distilled water to remove any NaOH solution sticking onto the fiber surfaces. Finally, the fibers were dried at 60 C for 24 h before blending with the matrix. This blend was prepared using Brabender internal mixer at 170 C for 10 min at 60 rpm. Neat PLA was also processed in the same way in order to obtain a reference material. The blended materials were hot pressed to produce sheets of about 1 mm thickness. The sample was preheated for 15 min, then full pressed for 5 min at 150
C with pressure at 120 psi before cooling time (5 min).
Tensile test
The tensile testing was performed according to ASTM D638, using Instron machine (model 4201). At least seven specimens were tested for every material. The specimens were prepared by cutting them into dumbbell shaped ones using hydraulic cutter machine (ASTM D638, type V). Specimens were then subjected to tensile testing using an Instron test machine. The machine was operating at cross-head speed 10 mm/min. The results obtained from the computer system (using Merlin software), such as stress, strain, and elongation at break, were recorded. The results were expressed as a plot of tensile strength (MPa), tensile modulus (GPa), and elongation at break (%). Seven samples were used for the tensile test and an average of seven results was taken as the resultant value.
Flexural test
Three-point flexural tests of the bio-composites were carried out using Instron 4201 according ASTM D790-98. The dimension of the specimens was 3.2 Â 12.5 Â 3 mm 3 . The span-to-depth ratio of the specimens was fixed, while the specimen width did not exceed one quarter of the support span. The speed of the flexural test was 5 mm/min.
Impact test
Impact testing was based on ASTM D256. The dimension of the specimen was 3.2 Â 6 Â 3 mm 3 . The workof-fracture values were calculated by dividing the energy obtained (as recorded on the tester machine) with the cross-sectional area of the specimens. The results were taken from the average value of seven specimens.
Dynamic mechanical analysis
Dynamic mechanical properties were measured in the three-point bending mode at frequency of 1 Hz on rectangular samples of 50 Â 15 Â 1 mm 3 . Three main materials such as PLA, plasticized PLA/untreated KBF, and plasticized PLA/treated KBF were tested to study the maximum used temperature and also to observe the possible interaction between the PLA matrix and KBF. The scanning was done at a temperature range from 25
C to 180 C with the heating rate of 1.5 C/min under flow of nitrogen (flow rate at 50 mL/min).
Results and discussion

Tensile properties analysis
An increase in strength for plasticized PLA biocomposite can be achieved through fiber surface modification. Alkali treatment of lignocellulosic fibers appears to be a quite promising treatment, having the right combination of surface chemical and as well as the structural benefits along with low cost. Generally, the surface modification treatment by alkali enhances the fiber's surface roughness, causes surface fibrillization, and thus drastically improves fiber-matrix adhesion. 13 The tensile strength and modulus of pure PLA, plasticized PLA/untreated KBF composites, and plasticized PLA/treated KBF composites were investigated and the results were tabulated in Table 1 . The PLA/treated KBF composites present higher strength than PLA/untreated KBF composites, indicating improvement of fiber-matrix interaction after treatment. Table 1 also reveals that PLA/treated KBF composites treated with 4% NaOH have the highest tensile strength (62 MPa), indicating the best interaction between fiber and the matrix. However, with further increase of NaOH concentration, the tensile strength decreased. From this finding, it was shown that the increment in tensile strength was due to the improvement in the interfacial bonding and the additional sites of mechanical interlocking, which promotes more polymer/fiber interpenetration at the surface.
14 These values were vice versa for the modulus strength results. The modulus values were decreasing with the increasing NaOH concentration. As seen in Table 1 , the addition of the plasticizer with the treated fiber surface succeeded in reducing the stiffness of the brittle composites and at the same time, it increases the flexibility of the composites. From the analysis, reduction in tensile modulus shows that the surface-treated fibers effectively increased the potential of the plasticizer to the PLA matrix. It was shown that decrement in the stiffness was due to the well-bonded composites, as the load transferred between the fiber and the plasticized matrix occurs through the treated fiber and plasticized matrix interface.
14 It was found by other researchers 14 that the alkali treatment leads to the fiber fibrillation which breaks down the fiber bundles into the smaller fibers. This scenario increases the fibers' surface area to be adhered with the plasticized matrix. The surface modification treatment by the alkali also improves the fiber surface adhesion characteristics by removing natural and artificial impurities, 5 hence producing the rough surface and preventing the leaching and migration of the plasticizer from the polymer, thus altering the strength and reducing the stiffness of the composites.
However, 2% of NaOH concentration presents the lowest tensile strength and the highest tensile modulus results, which were at 46 MPa and 6.3 GPa, respectively. Regarding the tensile strength observation, at lower concentrations of alkali treatment, its efficiency in removing the impurities on the fiber surfaces was low, thus resulting in poor adhesion between the fiber and the matrix. 5 Low concentration of alkali treatment shows that it was not effective as a blocker in preventing the plasticizer from leaching and migrating from the PLA; therefore, it is not efficient in reducing the stiffness of the composites. Other study reveals the effect of chemical surface treatment on KBFs by varying the concentration of NaOH. From the morphological analysis, they found that the treated fiber with 3% of NaOH was ineffective in removing the impurities on the fiber surfaces; however, 9% of NaOH produced the cleanest fiber surfaces. 5 It was reported that at higher NaOH concentration, the decrement in the tensile strength of the composite was due to the degradation of the lignocelluloses and the rupture of the fiber surfaces. The fiber degradation has reduced the adhesion between the plasticized matrix and fiber surface, thus causing leaking out of the plasticizer molecules from the polymer. Again, this implies a significant increment in the stiffness at higher NaOH concentration.
Flexural test analysis
For flexural testing and impact testing, the analysis was preceded by the use of the 5% triacetin to plasticize the PLA matrix and the analysis was continued to study the effect of NaOH concentration on the surface treatment of KBF. The primary role of the plasticizer is to improve the flexibility and processability of polymer by lowering the second-order transition temperature.
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As shown in Table 1 , the flexural strength and modulus of pure PLA were at 90 MPa and 3.4 GPa, respectively; thus, the addition of the plasticizer with the biodegradable polymer is expected to reduce the flexural strength and modulus of the polymer, while at the same time it increased its flexibility, elongation at break, and toughness. 15 The use of plasticized PLA with untreated KBF seems to decrease the polymerfiber chain secondary bonding and provides low mobility for the macromolecules, though resulting in a tough and deformable material.
The flexural strength and modulus for plasticized PLA with untreated KBF were about 43 MPa and 6.5 GPa, respectively. This result reveals that the plasticized PLA with untreated KBF produced stiffer composites. This happened because of the leaching and migration of the plasticizer molecules from the polymer, thus affecting the flexural strength and the flexural modulus results. The plasticized polymers are often in contact with stationary or flowing fluids, or in contact with some other solid material. In the course of time, plasticizers tend to diffuse down the concentration gradient to the interface between the polymer surface and the external medium. In many instances, the interfacial mass transport to the surrounding medium has been found to be the limiting step rather than diffusion of plasticizer through the matrix to the surface. 16 This rate is usually a function of temperature and initial plasticizer concentration, while the rate of migration (permeation) is a product of solubility and diffusion coefficient. Whether the plasticizer leaches out to a liquid, or migrates to gaseous solid substance, polymers fail to retain their flexibility, while the loss of plasticizers leaves the polymer inappropriate for the desired application.
The surface treatment on the fiber surfaces reduces the leaching of plasticizers into physiological fluid and also reduces the migration of the plasticizers from polymers, 2 thus reducing the stiffness properties of the composites. The optimum flexural strength and modulus for plastisized PLA reinforced with 4% of NaOH-treated fiber are 67 MPa and 4.5 GPa, respectively. These results revealed that 4% of NaOH-treated KBF significantly increased the flexural strength and at the same time reduced the flexural modulus of the plasticized PLA/treated KBF composites. This is due to the effective plasticization factor of the polymer as the KBF undergoes the surface modification treatment. Yield stress got lowered in all the blends with the increase of NaOH concentration in the KBF surfaces indicating easier onset of plastic deformation. 2 At lower NaOH concentration (2%), the flexural strength decreased, indicating poor interaction between plastized PLA and treated KBF. This may be due to interspherulitic boundaries that formed at lower concentration of the NaOH. The crack preferentially propagates through intersperulitic crazes. It is known that the weakness of the boundaries derives from slow crystalization process, when additives, low molecular weight polymer, and non-crystallizable chains are partly rejected from sperulites and accumulated at the growth fronts. 2 However, the flexural strength produced was slightly higher than plasticized PLA with untreated KBF composite.
However, the increase of the NaOH content from 6% to 8% decreased the flexural strength. This finding indicates that high concentration of NaOH damages the KBF and has a lasting effect on the mechanical properties of the natural fibers, especially on the fiber stiffness. 15 Based on Table 1 , we see that addition of KBF fiber to plastized PLA managed to reduce the stiffness of the composites. Treated KBF with various NaOH concentrations showed the tendency to significantly decrease the flexural modulus as compared to the untreated KBF composites. The flexural modulus values of the plasticized PLA of KBF composites treated with 4% of NaOH concentration present a lower stiffness as compared to the values obtained for 2% of NaOH concentration on KBF plasticized PLA composites. The decrease in stiffness reflects the fact that fiber surface treatment lowers the leaching and migration of plasticizer from the PLA, thus enhancing the matrix-fiber adhesion and flexibility of the composite system. However, it also depends on the diffusion mobility of non-crystallizable molecules, interfacial tension, and time scale of crystallization; the molecules can be either be entrapped within interlamellar regions or diffused in radial direction toward the molten polymer. 2 Table 1 also shows the effect of the addition of the plasticizer on the notch impact strength of the PLAtreated KBF composites. The pure PLA and plasticized PLA/untreated KBF were used as the reference samples for the composite materials. The result shows that the surface treatment enhanced the impact strength of the composites.
Impact properties analysis
The impact strength of the surface-treated composites was higher than those of the PLA matrix itself. This may be due to the improved interaction between fiber and the matrix after the surface treatment and the plasticization of the PLA matrix. The impact strength of PLA improves by about 25% for the presence of 30 wt.% treated KBF content with the addition of the 5% of the triacetin. The impact strengths found for pure PLA and plasticized PLA/untreated KBF are 30.9 and 25.8 kJ/m 2 , respectively. Other researchers also, 12 revealed similar results, with the 5% triacetin with PLA/untreated flax fiber composites presenting low impact strength.
For plasticized PLA/treated KBF composites, the impact strengths were found to increase with increment of the NaOH concentration, and provided optimum impact value of about 42.1 kJ/m 2 at 4% of the NaOH concentration. This may be due to the increased fibermatrix adhesion in the alkali-treated fiber and plasticized PLA. This superior impact property of the plasticized composites system is attributed to the fact that alkali treatment improves the fiber surface adhesion characteristics by removing natural and artificial impurities, thereby producing a rough surface topography 5 and at the same time preventing the leaching and migration of the plasticizer from the PLA.
As the NaOH concentration exceeds 4%, the impact strength seems to slightly decrease and this pattern is basically similar to the flexural results. The observation also shows that the higher NaOH concentration does not produce any positive effect on the impact strength of the composites. Thus, 4% NaOH is considered as the best concentration to treat KBF fiber.
Dynamic mechanical analysis
The temperature curves of tan delta, storage modulus, and loss modulus are shown in Figures 1-3 , respectively. Tan delta is a damping term that can be related to the impact resistance of a material. Since the damping peak occurs in the region of the glass transition where the material changes from a rigid to a more elastic state, it is associated with the movement of small groups and chains of molecules within the polymer structure, all of which are initially frozen in. According to Laly et al., 17 in a composite system, damping is affected through the incorporation of fibers. This is due mainly to shear stress concentrations at the fiber ends in association with the additional viscoelastic energy dissipation in the matrix material. Another reason could be the elastic nature of the selected fiber used. Figure 1 shows the temperature dependence on tan delta. As seen in the graph, we see that the plasticized PLA with treated surface modifications showed lower tan delta curves as compared to plasticized PLA without treated fibers and pure PLA curves. Improvement in interfacial bonding in composites occurs as observed by the lowering in tan delta values. The higher the damping affects at the interfaces, the poorer the interface adhesion. 17 Incorporation of treated fibers reduces the tan delta peak height by restricting the movement of the polymer molecules. Magnitude of the tan delta peak is indicative of the nature of the polymer system. In an unfilled system (pure PLA matrix), the chain segments are free from restraints. Addition of untreated fibers shows two peaks, making the two phases, fiber and matrix, distinct. The appearance of two peaks can also be explained as due to a micro-gel structure cross-linked to a general matrix structure. The microgel particles could develop at 'hot spots' where there were initially small excesses of the cross-linking agent or catalyst reagent. Addition of untreated fiber decreases the T g value of the composites system, showing that the addition of untreated fiber has only a plasticizing effect to the PLA matrix. However, on an addition of treated fiber loading, the T g values show a positive shift, stressing the effectiveness of the fiber as a reinforcing agent, i.e., the high polymer-filler interaction. The result is consistent with the loss modulus values obtained. However, the introduction of fibers reduces the magnitude of the tan delta peak more, than shifting the temperature. The shifting of T g to higher temperatures can be associated with the decreased mobility of the chains by the addition of fibers. Elevation of T g is taken as a measure of the interfacial interaction. In addition, the stress field surrounding the particles induces the shift in T g .
A composite with poor interface bonding tends to dissipate more energy than that with good interface bonding. 18 With treated fiber content, the strain is applied to the composite; the strain is controlled mainly by the fiber in such a way that the interface, which is assumed to be the more dissipative component of the composite, is strained to a lesser degree. 19 The width of the tan delta peak also becomes more than that of the pure matrix system. The behavior suggests that there are molecular relaxations in the composite that are not present in the pure matrix. The molecular motions at the interfacial region generally contribute to the damping of the material apart from those of the constituents. 20 Hence, the width of the tan delta peak is indicative of the increased volume of the interface. Figure 2 shows the effect of temperature on the dynamic modulus of the pure PLA and plasticized PLA with and without surface treatment. Variation in modulus occurs due to the effect of the incorporated fibers. The storage modulus of the composites is higher than that of the pure PLA matrix, which is due to the reinforcement effect by the lignocellulosic kenaf fibers. 21 As seen in Figure 2 , the storage modulus of the plasticized PLA with treated kenaf fibers was higher than that of the plasticized PLA with untreated kenaf fibers. This observation suggests that the adhesion contact between the PLA matrix and the kenaf fibers was improvised by the surface treatment by the NaOH. According to Huda et al., 1 the removal of lignin by the surface modification treatment is the main process in producing high modulus composites.
The loss modulus is defined as the stress 90 C out of phase with the strain divided by the strain; it is a measure of the energy dissipated or lost as heat per cycle of sinusoidal deformation, when different systems are compared at the same strain amplitude. It is in fact the viscous response of the material. The loss factors are most sensitive to the molecular motions. Figure 3 shows the variation of loss modulus with temperature on pure PLA and plasticized PLA with and without surface treatment. Figure 3 reveals that the loss modulus peak values decrease with addition of untreated fibers at temperatures below the glass transition of pure PLA. The effect of the treated fibers is prominent above the glass transition temperature in this study. The modulus values increase with treated fiber above the glass transition temperature. Another interesting result that is observed is the broadening of the loss modulus curve when the fiber surfaces are modified.
The peak height of untreated fiber composites shows a regular decrease with incorporation of fiber content. With the addition of treated fibers, the most pronounced effect of the fibers has been the broadening of the transition region as the fiber-matrix interaction increases. The observed broadening for the treated fiber composite curve may be explained as due to the difference in the physical state of the matrix surrounding the fibers to the rest of the matrix fiber, matrix, and immobilized polymer layer matrix. 22 As reported by other authors, a shell of immobilized polymer surrounds the fibers, thus improving the adhesion between the matrix and the fibers. 17 As the adhesion between the fibers and the matrix is improved, there is more restraint at the interfaces. The different physical states of the matrix surrounding the fiber hinder the molecular motion. This can be taken as the interlayer which causes the additional transition. 17 The increase in width of the loss modulus curve is taken to represent the presence of an increased range of order. The greater constraints on the amorphous phase could give rise to higher or broader glass transition behavior.
Conclusion
Plasticized PLA with 4% of NaOH-treated KBF composites system shows better tensile strength, flexural strength, and impact strength as compared to pure PLA and plasticized PLA with untreated KBF composite systems. This treatment also reduced the stiffness of the plasticized PLA/treated KBF composite systems. From the dynamic mechanical analysis (DMA), it can be observed that the plasticized PLA-treated fiber composites present the highest storage modulus than untreated fibers, which was attributed to the enhancement of the fibers matrix adhesion. The loss modulus results showed that the T g of the plasticized composites was shifting to higher temperature, which was from 55 C for plasticized PLA/untreated KBF to 65 C for plasticized PLA/treated KBF. This observation shows that the plasticized PLA/treated KBF composites had better interfacial adhesion, achieved by the surface modification treatment and the addition of the plasticizer.
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